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PREFACE

The series of manuals on techniques describes procedures for planning and
executing specialized work in water-resources investigations. The material is grouped
under major subject headings called Books and is further subdivided into Sections and
Chapters. Section D of Book 2 is on surface geophysical methods.

The unit of publication, the Chapter, is limited to a narrow ficld of subject matter.
This format permits flexibility in revision and publication as the need arises. “Appli-
cation of Seismic-Refraction Techniques to Hydrologic Studies” is Chapter D2 of
Book 2.

Reference to trade names, commercial products, manufacturers, or distributors in
this manual does not constitute endorsement by the U.S. Geological Survey or
recommendation for use.

This manual is intended to supplement the more general “Application of Surface
Geophysics to Ground-Water Investigations,” by A.A.R. Zohdy, G.P. Eaton, and D.R.
Mabey (U.S. Geological Survey Techniques of Water-Resources Investigations, Book
2, Chapter D1, 1974).
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APPLICATION OF SEISMIC-REFRACTION TECHNIQUES TO
HYDROLOGIC STUDIES

By F.P. Haeni

Abstract

During the past 30 years, seismic-refraction methods have been used
extensively in petroleum, mineral, and engineering investigations and
to some extent for hydrologic applications. Recent advances in equip-
ment, sound sources, and computer interpretation techniques make
seismic refraction a highly effective and economical means of obtaining
subsurface data in hydrologic studies. Aquifers that can be defined by
one or more high-seismic-velocity surface, such as (1) alluvial or glacial
deposits in consolidated rock valleys, (2) limestone or sandstone
underlain by metamorphic or igneous rock, or (3) saturated unconso-
lidated deposits overlain by unsaturated unconsolidated deposits, are
ideally suited for seismic-refraction methods. These methods allow
economical collection of subsurface data, provide the basis for more
efficient collection of data by test drilling or aquifer tests, and result in
improved hydrologic studies.

This manual briefly reviews the basics of seismic-refraction theory
and principles. It emphasizes the use of these techniques in hydrologic
investigations and describes the planning, equipment, field procedures,
and intrepretation techniques needed for this type of study. Further-
more, examples of the use of seismic-refraction techniques in a wide
variety of hydrologic studies are presented.

Introduction

Surface geophysical techniques have been used exten-
sively in the petroleum, mineral, and engineering fields.
Hydrologic investigations have used surface geophysical
techniques in the past, but to only a limited degree.
Recent advances in electronic equipment and computer-
interpretation programs and the development of new
techniques make surface geophysics a more effective tool
for hydrologists. These techniques should be considered
in the project planning process and used where appropri-
ate. Treated as a tool, similar to pump tests, simulation
modeling, test drilling, geologic maps, borehole
geophysical techniques, and so forth, these techniques can
be used to help solve hydrologic problems.

Classically, surface geophysical techniques have been
used early in the exploration process, prior to use of more
expensive data-collection techniques such as drilling
(Jakosky, 1950). The use of surface geophysics in this

manner minimizes expensive data-collection activities and
results in more efficient hydrologic studies.

All surface geophysical methods measure some physi-
cal property of subsurface materials or fluids. Selection of
the appropriate geophysical method is determined by the
specific physical property of a hydrologic unit or by the
differences between adjacent hydrologic units. Typical
physical properties measured are electrical resistivity,
electrical conductivity, velocity of sound, gravity fields, and
magnetic fields. Knowledge of the physical properties of a
subsurface material is critical for successful application of
surface geophysical methods. Aquifers that can be defined
by one or more high-seismic-velocity surfaces, such as
alluvial or glacial deposits in consolidated rock valleys,
limestone or sandstone underlain by metamorphic or
igneous rock, or saturated unconsolidated deposits over-
lain by unsaturated unconsolidated deposits, are ideally
suited for seismic-refraction methods. In these hydrogeo-
logic settings, seismic-refraction methods have proved to
be the most useful of the surface geophysical techniques
(Grant and West, 1965).

Seismic-refraction techniques were among the first
geophysical tools used in the exploration for petroleum. In
the 1920’s, these techniques helped find many structures
that were associated with petroleum accumulations. With
the introduction and refinement of seismic-reflection tech-
niques during the 1930’s, use of refraction methods by the
petroleum industry declined, and they are now used
primarily in special situations and for weathered-layer
velocity determinations.

Use of seismic-refraction techniques in engineering and
hydrologic applications, and in coal exploration, has
increased over the years, as has the wealth of literature on
interpretation procedures. A bibliography by Musgrave
(1967, p. 565-594) shows the extent of interest in, and the
variety of applications of, seismic-refraction techniques.

Although seismic-reflection techniques have domi-
nated deep-exploration work in recent years, shallow-
exploration work has used seismic-refraction techniques
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extensively. Advances in the miniaturization of electronic
equipment and the use of computers for data interpreta-
tion have made seismic-refraction techniques a very effec-
tive and economical exploration tool for hydrologists.

Purpose and scope

A brief review of the literature indicates the diversity of
seismic-refraction techniques. The purpose of this man-
ual is to help the hydrologist who wishes to apply seismic
refraction to a particular project or area of interest. It is
intended to help the hydrologist determine if seismic-
refraction techniques will work in a particular hydrologic
setting. In addition, the manual briefly presents the theory
of seismic refraction, identifies advantages and limitations
of the techniques, describes the equipment and general
field procedures required, and presents several interpre-
tation procedures. Numerous references are cited to
provide the reader with additional sources of information
which are beyond the scope of this manual.

The techniques presented here are not standardized or
rigid, but they have been used effectively in a wide variety
of hydrologic studies conducted by the U.S. Geological
Survey and others. References are included with each
section so that alternative approaches to field procedures
and interpretation methods can be investigated.

Ultimately, success in using seismic-refraction methods
will depend more on the ability of the hydrologist to apply
the principles of the techniques and to extract a hydrolog-
ically reasonable answer than on the use of a particular
method of interpretation.

Surface geophysical techniques in
hydrologic studies

Surface geophysical techniques are used to obtain
information about the subsurface units that control the
location and movement of ground water.

A standard approach in exploration investigations is
first to assess geologic conditions from available surface
and subsurface geological data. From this initial study, the
regional or local geologic framework can be hypothesized
and the magnitude of the exploration problem defined.

At this point in a study, surface geophysical methods
can be used to great advantage. The geologic and hydro-
logic model developed in this first stage of the study from
scattered data points can be verified or, if necessary,
modified. The importance of the interdependence of
geological data, hydrologic data, and geophysical data
cannot be overemphasized. Geophysical data by itself is
susceptible to many interpretations. The input of hydro-
logic or geologic constraints may eliminate unreasonable
interpretations and result in the selection of a unique
solution.

Commonly, one or more surface geophysical tech-
niques can be used advantageously in a hydrologic mves-
tigation. Papers describing the use of individual and
combined surface geophysical techniques in hydrologic
studies include those of Bonini and Hickok (1958), Eaton
and Watkins (1967), Lennox and Carlson (1967), Mabey
(1967), Ogiluy (1967), Shiftan (1967), Kent and Sendlein
(1972), Zohdy and others (1974), Worthington (1975),
and Collett (1978).

The two types of surface geophysical techniques that
have been used most widely in hydrologic studies are
resistivity methods and seismic-refraction methods. The
general use of seismic-refraction methods in hydrologic
studies has been discussed in the literature, and in cases
in which velocity discontinuities between hydrologic units
are present, these methods have proved to be the most
useful geophysical technique. The major use of seismic-
refraction techniques in hydrologic studies is to assess the
hydrogeologic framework and hydrologic boundaries of
aquifers. They are generally used early in the investiga-
tion, after the preliminary hydrologic assessment and
prior to more site-specific data-gathering activities.
Another use is for specific data-gathering activities later
in the study. Specific information that may be sought
during the hydrologic analysis stage of the study, and that
can be investigated by seismic-refraction methods, are the
depth to water in unconsolidated aquifers at specific
locations and the location of aquifer boundaries.

After the geophysical work, the study is ready to enter
its final stages when more costly, detailed site-specific
data are collected. Generally, these stages of the study
involve a drilling program, borehole geophysical studies,
detailed hydrologic testing, and data analysis.
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Seismic-Refraction Theory
and Limitations

Theory

Numerous textbooks and journal articles present the
details of seismic-refraction theory (Slotnick, 1959; Grant
and West, 1965; Griffiths and King, 1965; Musgrave,
1967; Dobrin, 1976; Telford and others, 1976; Parasnis,
1979; Mooney, 1981). The following discussion reviews
only the basic principles and limitations of seismic-
refraction methods. The annotated bibliography at the
end of this section should be used by hydrologists not
familiar with seismic theory to select one or more publi-
cations that clearly present a rigorous theoretical devel-
opment. An encyclopedic dictionary of terms used in
exploration geophysics is published by the Society of
Exploration Geophysicists (Sheriff, 1973).

It must be emphasized that the absence of an extensive
section on the theory of seismic refraction does not
minimize the importance of the topic. Hydrologists unfa-
miliar with geophysics must have a solid understanding of
the physics underlying the technique prior to using it.

Seismic-refraction methods measure the time it takes
for a compressional sound wave generated by a sound
source to travel down through the layers of the Earth and
back up to detectors placed on the land surface (fig. 1). By
measuring the traveltime of the sound wave and applying
the laws of physics that govern the propagation of sound,
the subsurface geology can be inferred. The field data,
therefore, will consist of measured distances and seismic
traveltimes. From this time-distance information, velocity
variations and depths to individual layers can be calcu-
lated and modeled.

The foundation of seismic-refraction theory is Snell’s
Law, which governs the refraction of sound or light waves

across the boundary between layers having different veloc-
ities. As sound propagates through one layer and encoun-
ters another layer having faster seismic velocities, part of
the energy is refracted, or bent, and part is reflected back
into the first layer (see raypath 1 in fig. 1). When the angle
of incidence equals the critical angle, the compressional
energy is transmitted along the upper surface of the
second layer at the velocity of sound in the second layer
(see raypath 2 in fig. 1). As this energy propagates along
the surface of layer 2, it generates new sound waves in the
upper medium according to Huygens’ principle, which
states that every point on an advancing wave front can be
regarded as the source of a sound wave; these new sound
waves propagate back to the surface through layer 1 at an
angle equal to the critical angle and at the velocity of
sound in layer 1. When this refracted wave arrives at the
land surface, it activates a geophone and arrival energy is
recorded on a seismograph.

If a series of geophones is spread out on the ground in
a geometric array, arrival times can be plotted against
source-to-geophone distances (fig. 2), which results in a
time-distance plot, or time-distance curve. It can be seen
from figure 2 that at any distance less than the crossover
distance (x.) (sometimes incorrectly called the critical
distance), the sound travels directly from the source to the
detectors. This compressional wave travels a known dis-
tance in a known time, and the velocity of layer 1 can be
directly calculated by V, =x/t, where V, is the velocity of
sound in layer 1 and x is the distance a wave travels in
layer 1 in time t. Figure 2 is a plot of time as a function of
distance; consequently, V, is also equal to the inverse
slope of the first line segment.

Beyond the crossover distance, the compressional wave
that has traveled through layer 1, along the interface with
the high-velocity layer, and then back up to the surface
through layer 1 arrives before the compressional wave
that has been in layer 1 (the low-velocity layer). All first
compressional waves arriving at geophones more distant
than the crossover distance will be refracted waves, or
head waves, from layer 2 (the high-velocity layer). When
these points are plotted on the time-distance plot, the
inverse slope of this segment will be equal to the apparent
velocity of layer 2. The slope of this line does not intersect
the time axis at zero, but at some time called the intercept
time (t;). The intercept time and the crossover distance
are directly dependent on the velocity of sound in the two
materials and the thickness of the first layer, and there-
fore can be used to determine the thickness of the first
layer (z).

Interpretation formulas

Intercept times and crossover distance-depth formulas
have been derived in the literature (Grant and West, 1965;
Zohdy and others, 1974; Dobrin, 1976; Telford and
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Figure 1.—Raypaths of refracted (1) and reflected (2) sound energy in a two-layer Earth.

others, 1976; Parasnis, 1979; Mooney, 1981), and only the
results are given here. These derivations are straightfor-
ward inasmuch as the total traveltime of the sound wave is
measured, the velocity in each layer is calculated from the
time-distance plot, and the raypath geometry is known.
The only unknown is the depth to the high-velocity
refractor. These interpretation formulas-are based on the
following assumptions: (1) the boundaries between layers
are planes that are either horizontal or dipping at a
constant angle, (2) there is no land-surface relief, (3) each
layer is homogeneous and isotropic, and (4) the seismic
velocity of the layers increases with depth.

Two-layer parallel-boundary formulas
(See figure 3)

1. Intercept-time formula (Dobrin, 1976, p. 297):

4 VLV, .
T2V @

where
z =depth to layer 2 at point,
t; =intercept time,
V, =velocity of sound in layer 2, and
V, =velocity of sound in layer 1.

2. Crossover-distance formula (Dobrin, 1976, p. 298):

X V,=-V,
7= 5 VV2+V1 ] (2)

where
z,V,, and V, are as defined earlier and
X, =crossover distance.

Three-layer parallel-boundary formulas
(See figure 4)
1. Intercept-time formulas (Dobrin, 1976, p. 299):

t, V,V;
2,=— —=——>——— (from two-layer formula 1), ?3)
2 V(Vy)" =(Vy)

1 22, V(V3)*=(V,)* V3V2
Zz=‘— tg / 2 27 (4)
2 \AA (Vs) _(Vz)
and
2,=2,+2, , (5)
where

z, =depth to layer 2, or thickness of layer 1,
z, =depth from bottom of layer 1 to top of layer 3,
or thickness of layer 2,
z, =depth from surface to top of layer 3,
, =intercept time for layer 2,
t; =intercept time for layer 3,
V, =velocity of sound in layer 1,
V, =velocity of sound in layer 2, and
V,; =velocity of sound in layer 3.

-

2. Crossover-distance formulas (Parasnis, 1979, p.
197-198):
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Figure 2.—Seismic wave fronts and raypaths and corresponding
time-distance plot.

A / V2V
Z, =%l Vz +Vi (from two-layer formula 2), (6)

“ f( (V:) —(2\/2))

_ (Vz\/(V3)2—(V1)2—V3\/(V2)2—(V1)2) 7
- V VIV - (V) - )

and
2=z, %2, , (8

where
Z:,Z,, 23, ¥y, V,, and V; are as defined earlier,
x,, =crossover distance between layers 1 and 2, and
X, =crossover distance between layers 2 and 3.
Other forms of this equation are presented by Mooney
(1981) and Alsop (1982).

Two-layer dipping-boundary formulas
(See figure 5)

The problem presented by a dipping boundary between
layers adds some geometric complexity to the derivation
of these formulas. Several important concepts of seismic-
refraction theory must be introduced at this point.

To learn about the geometry of a dipping boundary, the
refraction profile must be reversed. For a single array, a
minimum of two shots must be fired, one from each end
of the array. This concept is termed “reversed-profile
shooting,” and the practice should be followed routinely in
all seismic-refraction studies. Failure to reverse seismic
profiles leads to invalid results in almost all situations.
Figure 5 shows a two-layer dipping-boundary model and
the resultant time-distance plot. A fundamental rule of
seismic-refraction theory is illustrated in figure 5. The
total traveltime of compressional sound waves from shot-
point D to shotpoint U, and in the opposite direction,
from shotpoint U to shotpoint D, must be equal; that is,
T, must equal T4 because the same wave path is followed
in each case. Comparison of the crossover distances or the
intercept times on this plot (x,, >X.4 and t,, >t,,) shows
that layer 2 is deeper at shotpoint 2 than at shotpoint 1,
and a dipping-layer analysis must be used. If these values
were equal and the segments of the time-distance plots
were straight lines, then simple two-layer parallel-
boundary formulas could be used.

In the parallel-boundary problems discussed previ-
ously, the seismic velocity measured on time-distance
plots was in fact the true velocity of the horizontal
refracting layer. When the interface is dipping, however,
seismic-refraction methods measure the apparent seismic
velocity and not the true seismic velocity. The true seismic
velocity is the harmonic mean of the measured apparent
updip and downdip velocities multiplied by the cosine of
the dip angle. It can be determined by the following
formula:

2V2y Vau

V2= V2u + V2d

cos § (Redpath, 1973; Mooney, 1981, p. 10-4), (9)

where
V, =true velocity of sound in layer 2,
V,. =apparent updip velocity of sound (from time-
distance plot),
V,q =apparent downdip velocity of sound (from
time-distance plot), and
£ =dip angle of layer 2.
A good approximation of the velocity of sound in layer
2 is the harmonic mean, since the cosine of small angles is
very close to 1.0. Equation 9 reduces to

2V2u V2d

V=229 (Redpath, 1973, p. 9).
27 V2u+V2d ( pa P )

(10)

The depth to the dipping interface can be calculated by
using the following formulas:
1. Intercept-time formulas (Dobrin, 1976, p. 304):

(a) 9c=1/2(sin'1 V,m,+sin™* Vlmu), (11)
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Figure 5.—Seismic raypaths and time-distance plot for a two-layer model with a dipping boundary.
where __Vity,
6, =critical angle, © 5= o0 6, (13)
Vv, =true vcl(?city of sound in layer 1 (from where
time-distance Plot), ' z, =perpendicular distance to refractor at the
my =slope of downdip V, segment on time- updip shotpoint (shotpoint 2) and
distance plot., and i t,, =intercept time of updip v, segment of
m,,=slope of updip V, segment on time- time-distance plot.
distance plot.
Vit
o _ d Zg=—2— 14
(b) g:l/z(sm“V.lmd—sin 1Vlmu), (12) @ ¢ 2cos O, (14)
where
where zy=perpendicular distance to refractor at

¢ =dip angle of the refractor. downdip shotpoint (shotpoint 1) and
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t,y =intercept time of downdip V, segment of
time-distance plot.

(©) du=c(f;jE , (15)

where
d, = extrapolated vertical depth to the refractor
beneath shotpoint on updip side (shot-
point 2).

Z4

() dy= (16)

Tcos £’

where
d, = extrapolated vertical depth to the refractor
beneath shotpoint on downdip side
(shotpoint 1).
2. Crossover-distance formulas (Mooney, 1981, p. 10-8):

d= X Vo~ (V; cos £) +Et ¢ 1)
Y N AT A

and

d V=V, cd
(b) da=73 ng z V(Vz)f_(:(()\s/l))‘f - )"(‘2— tan £, (18)

where
V, and £ are as defined for equations 11 and
12,
V, =true velocity of sound in layer 2 (calcu-
lated),
X,, =crossover distance of the updip time-
distance segment, and
x4 =crossover distance of the downdip time-
distance segment.
Equations 17 and 18 simplify to the following if the dip
angle is small and cosine § is almost equal to 1.0:

V,—-V .
(c) d,,=)-(£—“ \/Vz—'*\;? + % sin £ (19)

and

V,—V X
d d =X —2—1_Zdgn ¢, 20
T2V v,+v, 2 (20)

Example problem
The following example illustrates the use of these
formulas and demonstrates the need for choosing the
formula most applicable to the field situation.

A. The time-distance plot in figure 6 is obtained in the
field by firing only one shot at one end of a seismic-
refraction line. If only one shot in one direction is fired,
the interpreter would have to use a two-layer horizontal
interpretation formula to determine the depth to the
refracting layer.

(1) Using the intercept-time formula (eq. 3) to find the
depth to the refractor,

4 V.V,

V-

0.0075  10,600(5,000)
2 V(10,600)*—(5,000)

=21 ft.

The depth to rock is determined to be 21 ft along the
entire profile.

(2) Similar results are obtained using the crossover-
distance formula (eq. 6):

_70.4\/ 10,600~ 5,000
2 10,600+5,000
=21 fi.

B. A shot fired from the opposite end of the geophone
spread produces a reversed profile. The time-distance
plot shown in figure 7 was plotted from the field data.

(1) Using the two-layer, dipping-interface, intercept-
time formulas (egs. 9, 11-16) and the following data
obtained from the time-distance plot, the correct depth to
the dipping refractor can be calculated.

From the time-distance plot,

t,, = 004485 m, = 0.0000945
t = 0.0075s 1
2 Vy, = — = 26,700 fi/s
V, = 5,000 ft/s u
1
m, = 0.0000375 Vyu= = = 10,600 fi/s

d

(a) E=%[sin”*(V,my)—sin"'(V;m,)]
=14[sin™'5,000(0.0000945)
—sin_5,000(0.0000375)]
=8.75°



TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

30
I I I I
80 — —
» 70 -
S
o 60
O
w
® 50
-
=
= 40
Z
w 30—
= [ V178000 f/s
|._
20 _—
10 i —
s !
ta 78 | I I l I I
0 | 100 200 300 400 500 600
Xc=70.4 ft DISTANCE, IN FEET
Shotpoint 1 \Land surface
[ |
| It A N N Y (N [ [ A |
1234\56789101112
— Geophones
Figure 6.—Time-distance plot resulting from one shotpoint over a two-layer model with a dipping boundary.
—2VauVy _ Vit _ 5,000(0.0075) _
®) VZ—V2u+V2dCOS ¢ @z 2 cos © 2 cos 19.5 19.9 ft
_2(26,700)(10,600) z, 118.8
=726.700+10,600 0 87 (f) A= o= ey = 120k
=15,000 ft/s 199
(® dy= =4 = =22 =90 f
(c) ©=%sin"'(V,m,)+sin"'(V,m,)] cos £ cos 8.7

= [sin~15,000(0.0000945) (2) Using the crf)ssover-distance formulas (eqs.. 17, 18)
i with the same field data, d, and d, can again be
+sin~*5,000(0.0000375)] calculated.
=19.5° From the time-distance plot,
Xq = 704 ft
= Vit 5,000(0.0448) X, = 273.8 ft
Zu 120 _ 22 - cu
O 2cos 8 2 cos 19.5 1188 ft V, = 5,000 ft/s
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P
sin™15,000(0.0000375)] 2738 tan 875
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=120 ft
2V, Vg

(b) V2=V2u+v2d cos £
Xg  Vo—(Vycos§) x,tané

_2(26,700)(10,600) oo @) de=7cos t (V2)*=(V,)? 2
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Control for plotting Vo, better than for Vy--
Intercept-time formulas are preferred.

V4 is defined by two points. If the time
at geophone 1 was in error, xo would
vary significantly. Vo, however,is defined
by many data points and to will not
vary with individual arrival time errors.

Control for plotting V4 better than for V2-—
Crossover-distance formulas are
preferred. Vo is defined by three points
and an error in the time of geophone
12 would significantly change the inter-
cept time (t2). The critical distance
would not vary significantly.

Control for plotting V4 and Vo about the
same-- Intercept-time and crossover~
distance formulas are equal. All line seg-
ments are defined by about the same
amount of data.

Figure 8.—Advantages and disadvantages of intercept-time versus crossover-distance formulas in determining depth to a refractor under
different field conditions.
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Summary of example problem:

1. Using a single-shot, nonreversed seismic-refraction
profile and the two-layer parallel-boundary formulas, the
interpretation gives a subsurface having a velocity of
sound in layer 1 of 5,000 ft/s and a second horizontal layer
21 ft deep having a velocity of sound of 10,600 ft/s.

2. Using a reversed seismic-refraction profile and the
two-layer dipping-boundary formulas, the correct inter-
pretation gives a subsurface having a velocity of sound in
layer 1 of 5,000 ft/s and a second layer dipping at 8.7° and
having a velocity of sound of 15,000 ft/s. The depth to this
interface is 20 ft at the updip shotpoint and 120 ft at the
downdip shotpoint.

Multilayer dipping-boundary formulas

Mota (1954), Johnson (1976), and Knox (1976) have
published formulas that apply to problems involving a
large number of dipping layers, and nomograms for
solving this type of problem have been published by
Meridav (1960, 1968) and Habberjam (1966).

In practice, however, it becomes increasingly difficult to
distinguish between small, discrete changes in the time-
distance plots that actually indicate different layers and
small errors attributable to the field process and to
nonhomogeneous Earth layers.

Formulas for more complex cases

Other solutions for more complex situations are cov-
ered in the literature (Dobrin, 1976), but in general these
do not apply to hydrologic problems and consequently are
not covered here.

Field corrections

In addition to the theoretical solutions to seismic-
refraction problems, corrections for field-related prob-
lems have also been developed. The two main types of
corrections are elevation corrections and weathering cor-
rections. Both are used to adjust field-derived traveltimes
to some selected datum planes, so that straight-line
segments on the time-distance plot can be associated with
subsurface refractors. These corrections can be applied
manually (Dobrin, 1976, p. 335) or by computer (Scott
and others, 1972).

Summary

In this section, formulas for both intercept time and
crossover distance were presented for determining the
depth to a refractor. Several investigators have shown that,
in general, the crossover-distance formulas are less prone
to error than the intercept-time formulas (Zirbel, 1954;
Meridav, 1960) because of the greater difficulty in deter-
mining the correct slope of the segments of the time-
distance plot compared with determining the crossover
distances. Telford and others (1976, p. 279), however, take
the opposite view. The final choice of methods, therefore,
depends on the quality and quantity of the data on the

time-distance plot (Grant and West, 1965, p. 149-150).
The time-distance plots shown in figure 8 illustrate the
advantages and disadvantages of each method under
several different field conditions.

Limitations

Prior to using seismic-refraction techniques, certain
problems and limitations need to be considered
(Domzalski, 1956; Burke, 1967; Wallace, 1970). Three
blind-zone problems that affect the success of using
seismic-refraction techniques in hydrologic studies will be
discussed further. These are (1) thin, intermediate
seismic-velocity refractors, (2) insufficient seismic-velocity
contrasts between hydrologic units, and (3) slow-seismic-
velocity units underlying high-seismic-velocity units.

Thin, intermediate-seismic-velocity refractor

One of the most serious limitations of seismic-
refraction methods is their inability to detect intermediate
layers in cases in which the layer has insufficient thickness
or seismic-velocity contrast to return first-arrival energy.
This problem is critical in water-resources investigations
because the intermediate layer may be the zone of
interest. For example, saturated unconsolidated aquifer
material between unsaturated unconsolidated material
and bedrock, or a sandstone aquifer between unconsolid-
ated material and crystalline rock, may not be detected
with seismic-refraction methods. These intermediate lay-
ers cannot be defined by any alternative location of the
geophones or by shallow shotpoints. Deep shotholes may
overcome this problem (Soske, 1959), but they are usually
impractical under normal field conditions. If the presence
of such a layer is suspected, however, calculations can be
made to determine its minimum and maximum thickness.
Figure 9 shows the wave-front and raypath diagram
illustrating a situation in which a 70-ft-thick intermediate-
seismic-velocity layer is not detected by first arrivals on
the time-distance plot. If the intermediate layer is a thin,
intermediate-seismic-velocity layer of till underlying a
glacial aquifer, the thickness of the aquifer calculated
from the refraction data will be in error (Sander, 1978).
Successful interpretation of field data acquired in areas
exhibiting this problem is dependent on the correlation of
geophysical data with drill holes or knowledge of the local
geology.

In the absence of drill-hole data, an unexpected velocity
change in the time-distance plot should warn the hydrol-
ogist that a thin, intermediate-seismic-velocity layer may
be present and that a qualified interpretation is in order.
An example of this is shown in figure 10, in which the
time-distance plot indicates that a thin, intermediate-
seismic-velocity layer may exist, provided the interpreter
knows something about the local geology and the speed of
sound in the various earth materials near the study area.
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Figure 9.—Seismic wave fronts with selected raypaths and the corresponding time-distance plot for the case of an undetectable
intermediate-seismic-velocity layer (modified from Soske, 1959, fig. 4, p. 362).

The case illustrated in figure 10 is very common in
hydrologic studies. The unsaturated unconsolidated mate-
rial has a velocity of 1,000 ft/s, the thin, saturated uncon-
solidated material has a velocity of about 5,000 to 6,000
ft/s (this layer is not detected by refraction techniques and
is not shown in fig. 10), and the crystalline bedrock has a
velocity of 15,000 ft/s.

If a thin, intermediate-seismic-velocity layer is sus-
pected, methods are available for determining the maxi-
mum thickness of the undetected layer (Soske, 1959;
Hawkins and Maggs, 1961; Green, 1962; Redpath, 1973;
Mooney, 1981). The following example demonstrates the
significance of this problem in water-resources investiga-

tions. The calculations in this example and in table 1 are
based on a technique described by Mooney (1981, p. 94).

Example problem

The time-distance plot shown in figure 11 is plotted

from field data, and the following values are obtained:
x, =111 ft (from time-distance plot),

V, =1,500 ft/s (from time-distance plot),

V, or V, =15,000 ft/s (from time-distance plot), and

V, =5,000 ft/s (from previous investigations).

A. Assuming that layer 2 does not exist, we would
interpret the time-distance plot as a two-layer subsurface

(eq. 2):
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The depth to rock using the two-layer interpretation (that
is, assuming that there is no saturated material in the
geologic section) is, therefore, 50 ft.

B. If the presence of a hidden layer of saturated
material is suspected from wells or test holes in the area,
the following calculations can be carried out. The mini-
mum depth to layer 2 (the water table) and the maximum
possible thickness of undetectable saturated material can
be calculated when x,, =x,. (See figs. 9, 11.) In order to
calculate these values we assume that a three-layer sub-
surface exists and proceed with a normal three-layer
interpretation using either the time-intercept formulas
(egs. 3-5) or the crossover-distance formulas (egs. 6-8).
A method described by Mooney (1981) using crossover-
distance formulas is used in the following calculations.
1. For the depth to layer 2 (the water table),

111\/5 ,000—1,500
5,00041,500

That is, the minimum depth to the water table in the
three-layer subsurface is 41 ft.

X1 V2 1

min 2= V1V, =41 ft.

2. For the depth to layer 3 (the bedrock surface),

V,—V
max Z3=P(zl)+%\/ﬁ,

where P is defined as

V2 \ / Vs -1 _& &2_1
\A V) \' Vv,
v AYAAY
Vl) V])

1114 /15,000—5,000
max z,=.86(40.7)+7 15,000+5,000

=74 ft.

The maximum depth to the bedrock surface is 74 ft.
3. For the maximum undetected thickness of layer 2 (that
is, the saturated thickness of the unconsolidated
material),

max z,=z,-~z, =74—41=33 ft.

The maximum thickness of an undetected layer 2 in a
three-layer subsurface is 33 ft.

In summary, a maximum of 33 ft of saturated sand and
gravel under a minimum of 41 ft of unsaturated sand and
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Table 1.—Maximum thickness of an undetectable layer in various hydrogeologic settings

Maximum
thickness of
undetected
. aquifer Range in
Hydrogeologic setting and Thickness of material in depth to
velocity of sound in layer 1 lTayer 2 layer 3
the geologic units (in feet) (in feet) (in feet)
Dry sand, vy = 1,500 ft/s 10 8 12-18
Saturated sand aquifer, 20 16 24-36
v, = 5,000 ft/s
40 33 50-74
8edrock, V3 = 15,000 ft/s
50 41 61-91
100 ]2 123-182
200 164 243-364
Till, vy = 7,000 ft/s 10 3 11-13
Sedimentary rock aquifer, 20 7 22-26
vy, = 13,000 ft/s
50 17 55-67
Crystalline rock,
vy = 15,000 ft/s 100 33 110-133
200 67 219-267
Saturated sand and gravel, 10 6 12-16
vy = 5,000 ft/s
20 12 24-32
Limestone aquifer,
v, = 10,000 ft/s 50 29 61-79
Crystalline rock, 100 58 122-158
Vg = 15,000 ft/s
200 115 245-315

gravel could not be detected with the seismic-refraction
method in the above example. The depth to rock is
between 50 and 74 ft depending on the thickness of the
saturated zone. The saturated thickness of undetected
sand and gravel is between 0 and 33 ft. The minimum
depth to the water table is 41 ft.

Insufficient seismic-velocity contrasts between
hydrogeologic units

In many studies, significant hydrogeologic materials
may not have detectable seismic-velocity contrasts. Many
rock surfaces are not fresh and exhibit different degrees
of weathering. As the rock surface weathers, the seismic
velocity decreases and is no longer indicative of the
unweathered bedrock. In these cases, seismic-refraction
techniques may not differentiate the weathered surface
from the overlying low-velocity material.

Some significant hydrologic boundaries may have no
field-measurable velocity contrast across them and, con-
sequently, cannot be differentiated with these techniques.
For example, saturated unconsolidated gravel deposits
may have approximately the same seismic velocity as

saturated unconsolidated silt and clay deposits (Burwell,
1940).

Low-seismic-velocity units underlying
high-seismic-velocity units

In some hydrogeologic settings, the velocity of sound in
each of the Earth’s layers does not increase with depth,
and low-seismic-velocity units underlie high-seismic-
velocity units. Examples of this are (1) an unconsolidated
sand and gravel aquifer underlying compact glacial tills,
(2) semiconsolidated rubble zones beneath dense basalt
flows, and (3) dense limestone overlying a poorly
cemented sandstone.

In all of these cases, the low-velocity unit will not be
detected by seismic-refraction techniques and the calcu-
lated depth to the deep refractor will be in error. The
reason for this problem is found in Snell’s Law, which says
that a sound wave will be refracted toward the low-velocity
medium. When a low-velocity layer underlies a high-
velocity layer, the seismic raypaths are refracted down-
ward or away from the land surface. The sound wave,
therefore, would not be detected at the surface until it
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Figure 11.—Seismic section with hidden layer (layer 2) and resulting time-distance plot.
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Figure 12.—Seismic section with velocity reversal and resulting time-distance plot.

encountered a layer having a velocity of sound higher than
that of any layer previously encountered (fig. 12).

If a low-seismic-velocity unit is known to exist beneath
a high-seismic-velocity unit from drill-hole or geologic
data, and if its depth and seismic velocity are approxi-
mately known, the depth to a deeper refractor can be
estimated (Mooney, 1981; Morgan, 1967). Without this
information, the depth calculated from the seismic-
refraction data will be greater than the actual depth.

Example problem

A. From the field data plotted in the time-distance plot
in figure 12, the existence of layer 2 would not be known
and an erroneous depth to layer 3 would be calculated if
one used the two-layer parallel-boundary formulas (egs.
3-5):

V,; =7,500 ft/s (from time-distance plot),

V, =15,000 ft/s (from time-distance plot),

z,' =erroneous depth to layer 3, and

x, =150 ft (from time-distance plot).

Il



APPLICATION OF SEISMIC-REFRACTION TECHNIQUES TO HYDROLOGIC STUDIES 19

__\/ -V, 150\/15 000-7500_, . o
V,+V, 15,000+7,500 ‘

The depth to rock using the two-layer interpretation is,
therefore, 43 ft. If the thickness and the velocity of sound
in layer 2 are known or can be estimated from drill-hole
or other data, a more accurate depth can be calculated.

B. From a nearby drill hole and a previous seismic-
refraction investigation in a nearby area, it is determined
that layer 1 is glacial till approximately 20 ft thick and
having a seismic velocity of approximately 7,500 ft/s. It is
underlain by saturated sand and gravel having a velocity of
about 5,000 ft/s. Now, a more realistic value for the depth
to layer 3 (z,) can be calculated using the following
method described by Mooney (1981, p. 9-17):

Vv, =7,500 ft/s,

V, =5,000 ft/s (from previous investigation),

V,; =15,000 ft/s (from time-distance plot),

z, =20 ft (from nearby drill hole), and
z, =true depth to layer 3.

X, V,—V
Z2=((2-+-1)52\/\/;’,_‘\_\;1 _2107 (21)

where Q is defined as

G-

Q= . (22)

(V)'1

Now substituting,

715000\,
Q= 17555)0% T1= 7039
5,000
and
7,=(—0.39+ 1)15—0 ————1218881:283 ~20(—039)
=34 ft,

In summary, without any external data, a two-layer
subsurface with rock at 43 ft was interpreted from the
seismic data. Using data from a nearby test hole and the
results from a previous seismic-refraction study, a three-
layer subsurface with rock at 34 ft was interpreted from
the same field data.

One special example of a hidden-layer problem is
encountered when seismic-refraction surveys are con-
ducted in areas where the surface of the ground is frozen.
The velocity of sound in frozen ground is about 12,000 ft/s
(Bush and Schwarz, 1965), and the frozen zone can act as
a high-velocity surficial layer. Any layers under the frozen
ground cannot be detected unless the velocity of sound in
them is greater than 12,000 ft/s. The hydrologist must be
careful in interpreting data gathered under these field
conditions. Figure 13 shows the time-distance plot that
would be obtained in a stratified-drift valley with frozen
ground at the surface.

One way to eliminate this problem is to bury both the
sound source and the geophones beneath the frozen layer.
This usually involves considerable effort and is not eco-
nomical in most hydrologic programs.

Other limitations of seismic-refraction techniques

The following limitations are mentioned not to discour-
age the use of seismic-refraction techniques, but rather to
make hydrologists aware of potential pitfalls. These situ-
ations, recognized early in the study, can be accounted for
in the planning, data-acquisition, and interpretation phases
of the study.

Ambient noise

Ambient noise, that is, the noise produced by vehicular
traffic, construction equipment, railroads, wind, and so
forth, has a detrimental effect on the quality of seismic-
refraction data. Some solutions to this problem are as
follows: (1) decrease the amplifier gains and increase the
input signal by using more explosives or repeated hammer
blows, (2) reschedule operations for a quiet part of the
day, and (3) use selective filters on the seismograph to
eliminate unwanted frequencies.

Horizontal variations in the velocity of sound and the
thickness of the weathered zone

Horizontal discontinuities in the low-velocity zone near
the surface have a significant effect on seismic-refraction
studies. This zone usually is the unsaturated zone and
typically has velocities of 400 to 1,600 ft/s. Short geo-
graphic spreads are needed to determine the velocity of
sound and the thickness of this layer. A variation of 1 ft in
the thickness of a weathered layer consisting of material
having a velocity of sound of 1,000 ft/s causes the refracted
sound ray to be delayed or sped up by 1 ms. This same
time interval represents 10 ft of material having a velocity
of sound of 10,000 ft/s.

Accuracy of seismic-refraction measurements

The accuracy with which the depth to a refractor can be
determined by seismic-refraction methods depends on
many factors. Some of these factors are
® Type and accuracy of seismic equipment,

e Number and type of corrections made to field data,
e Quality of field procedures,
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Figure 13.—Interpreted seismic section and time-distance plot for a four-layer model having frozen ground at the surface.

® Type of interpretation method used,

® Variation of the Earth from simplifying assumptions
used in the interpretation procedure, and

® Ability and experience of the interpreter.

Published references (Griffiths and King, 1965; Eaton
and Watkins, 1967; Wallace, 1970; Zohdy and others,
1974) and the author’s unpublished data indicate that the
depth to a refractor can reasonably be determined to
within 10 percent of the true depth. Larger errors usually

are due to improper interpretation of difficult field situ-
ations.

Annotated references

Alsop, S.A., 1982, Engineering geophysics: Association of Engineering
Geologists Bulletin, v. 19, no. 2, p. 181-186.
[Brief review of the engineering application of seismic-refraction
techniques.]
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